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Some Safety Problems
Quelques questions de la sécurité

Einige Fragen zur Sicherheit

E. MISTETH
Budapest
l,/ Designations
R Internal breaking forces and moments
S Internal forces provoked by load
=R-§S The Basler reserve

Y

& m Probability variables
f(é), ’7(t) Stohastic processes
a= E(f) Expectation value

s=D(E) Deviation
v= —3— Relative deviation, variation coefficient
,a,.tE[( E-G)':] Central moment of the r°’ order
f‘=—’;13- Asymmetry
c=-’;—“£——3 Excess
h-—"sif- Asymmetry of the fifth order
-ﬂ- Risk
t Time
T Iifetime of the construction
9 Interest factor
Cross sectional quantity corresponding to the
w nature of internal forces and moments
é Stress corresponding to the nature of internal

forces and moments
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_ Functional relation of independent probability
= G(ff' fm"\fn) variables

Independent variable of the standardised distribu-

i tion function
C(k) Cost of rebuilding /the bearing element/
Annual maintenance cost of the construction /the
L(k) bearing element/
] Sum of the damage caused by the ruin of the
construction /the bearing element/, profil lost
included

2./ Raising of the problem, liethods applied so far in calculating
of dimensions

In dimensioning engineering structures for stability it is most
essential to determine safety. The first question to be raised is
wether an objective standard of safety can be found and what is the
most economical magnitude thereof, Thus the general question of di-
mensioning is this: In what dimensions should be designed the bearing
structure of an engineering construction at a time t = O, if the
construction is being designed for a lifetime t = T, with rebuilding
cost of the bearing structure being C, and the annual maintenance
cost of the bearing structure being L, sum of damages incurred by
the ruin of the bearing structure, profit lost included, being Q.

The classical dimensioning specifications present safety in
terms of the magnitude of allowable stress. Allowable stress is an
empirical value: it is a quotient of breaking strength and safety.
Present time specifications are threefold.

Into the first group come those specifications in which' safety
manifests itself in the measure of allowable stresses and the
grouping of loadings. These specifications show, e.g. these grou-
pings as to the combinations of loading forces: operational loading
forces, extraordinary loads, catastrophal loads and influences. To
each of the three groupings pertains a different allowable stress,

The second group comprises those specifications in which safe-
ty is divided in the grouping of loading forces, the dimensioning
stresses and the cross section. These specifications proceed from
the ruin of the construction and take every uncertainty, with a
divided safety sector, at its proper place into consideration; to
a greater relative deviation pertains a higher safety sector, to
a smaller one a lower factor. The theoretical basis of these spe-
cifications was elucidated by Basler [3].

Specifications that come into the third group calculate safety
on the basis of probability theory, with consideration given to
loading forces and their deviation, rupture stress and its devia-
gion. These specificatlons calculate with an undivided safety

actor.

Safety factor is determined by a probability of rupture assu-
med in advance, and probability distribution. The assumption of
the probability of rupture /10 3, 10~ %, etc./ is a result of sub-
jective evaluation, though it is much more perceptible than
saying, that, e.g., a twofold safety is required. The function
of the selected distribution is also based on individual judgement,
The difference between, e.g., the Weibull and lognormal distribu-
tion in the rate of the safety factor can be 10-100 per cent Eﬂ.
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By means of this procedure are calculated airplanes and solved
the dimensioning problems connected with space travel. Theoretical
considerations were set forth by Freudenthal [4] [5].

All of the three procedures, though at different places and in
various ways, give the rate of safety on the basis of individual
deliberation. This rate, the expression of safety, will be further
on considered to include failures of an accidental character only.

Safety only provides an objective rate of measurenent, as it
will be demonstrated further below, together with economical con-
siderations,

3./ A new procedure for dimensioning

The known basic relation for the calculation of dimensions,
based on probability theory is, if the time parameter is also con-
sidered:

; i > > {
hnz_.n_}m {[R(t)—S(é)]=0} =1"T W

Expression 1./ says so much in words that, during the lifeti-~
me of the construction, the Basler reserve j Y/t/ = R4t/-S/t/
must be greater by a probability given in advance /1 --E-[ than

2€eIr0.

The basic relation is not unequivocal without the time variab-
le t /fig.1l,/
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4,/ Lifetime of the engineering structure

Safety of engineering structures can be related only to a cer-
tain lifetime, If T =00, the ruin of the structure is considered a
certain event. The lifetime of engineering structures, therefore,
has to be determined in advance. In respect of lifetime permanent
and temporary structures can be dealt with.,

For permanent structures lifetime has to be stated in T = 10
years, if it is a vehicle, in T = 100 years if it is an earthwork.
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For temporary structures, when an earthwork is concerned, T = 10
years, for structures of locomotion it may be that T = 1. Largely
speaking, for permanent structures it is reasonable to count with
T = 50 years, for temporary ones with T = 5, From expression 1./
it is perceivable that if T is small, the difference, R/t/-S/t/,is
greater than it is for a long T time. This holds particularl% if
R/t/ and S/t/ are stohastic processes with a notable trend /fig.l/.

5./ loading forces, loading movements

Loading forces which are constant within time /dead load, earth
pressure/, constitute a stohastic multitude, loading forces and mo-
vements which vary within time /useful load, water pressure, snow
or wind pressure, variation of temperature, creeping, etv./ consti-
tute a stohastic process. The periodical /e.g.annual/ maxima of
these latter stohastic processes only form stohastic multitudes,
With the processing of technical data it is reasonable to calculate
four probability characteristics: the expectation value /a/, devi=-
ation /s/, asymmetry /f/ and excess /c/. The processing of the data
must be performed on the basis of some textbook of mathematical sta-
tistics 1 . In order to provide that the relative deviation of
excess itself should not exceed 1B per cent, the number of elements
of the multitude has to be selected ~500 at the least. For the de-
termination of the probability characteristics of the useful load
it must be proceeded, with consideration given also to future deve-
lopment, from the loading spectre. Forces of a meteorological c¢ha-
racter must be processed from statistical data.

6./ Rupture stress, geometrical dimensions

Rupture stress within a t time, which constitutes a stohastic
process with a trend, has to be determined in principle through
precessing a stohastic multitude of rupture tests of the material
taken at different times., In want of data it is supposed, in first
approximation, that at the end of lifetime rupture stress can be
taken as equal to the longtime stress limit and its probability
characteristics are the following:

é712(7)‘ ?o (e.q. d=115) }
SG(T) = SGO V? ) fG(T)=f5°; OG(T)= c% ...2./

Geometrical dimensions always display a normal distribution,
Because of the corrosion effect the geometrival dimensions have to
be diminished at the end of the lifetime by a value 4 , which may
be, in absence of statistical data, 1 to 5 per cent of the dimen-
sion, Deviation of corrosion is taken equal to deviation of dimen-

sion:  _ —
M(T)=po— A

sMM)=s4 Y2, F(T)=1%=0; c*(T)=c%=0 ces3e/
7./ Probability characteristics of the function distribution

Probability characteristics of internal forces which cause
rupture and internal forces which are the result of loading can-
not be determined in a direct way, it is therefore necessary to
determine from the probability characteristics of the components
the probability characteristics of a quantity characterised by a
functional relation, Exact formulation of the problem is this:
the independent probability variables fy, p,....., £, are given,
the probabllity characteristics of thése, a;, 8;, f;, c;
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/i=1, 2, ..., n/ are also independent, and v; £ 0,5; what are the
amounts of the probability characteristics of the functional value
, characterised by the functional relatlonnq-G .f fz,

If the functionm is expanded in a Taylor series and also men-
bers of the third order are considered, the probability characte-
ristics of a rational whole function can be determined according
to the rule

07=E(n)-(3(a,,ag,....., a, )+ —;—'; G st+.....

s,z? ==Dﬂ(f?) =Z [G,' s;]li Z G-G--F- s,-3+.....

o =i [Z G3f s+ 2 ZG" G (c+2)s! +);s s ]\

Cn? “—‘[Z Gh(c +3) 4"’6: (G, GJ S, J) +
+23 66 (hi~f,) s +ez (zc A )

I=1 J 1 I#J

In expression 4./ eege <
< _Generally if v =
Gij=

/ 12, =0,15, it suffices to
/ afl afJ _]fn ‘{* calculate with the first,

i J < in the case of excess,
with the first two members. If 0,15 £ v, = 0,35, all of the members
written here must be counted W1th. 7

If O 35<:v S0 s© it 18 necessary to calculate accordingly further
members which are not written here, If the derivatives of function
G are not limited derivatives but the function can be expanded to
a Taylor series at the places ay, a,, sesy 8,, also members or an
order hidher than the third may be required [].

£ [/ <o, iland [c,(/f? 0,2, the resultant distribution may be consi-
dered norm

8./ Internal forces that cause rupture

They depend in general on rupture stress and cross section
quantity and constitute a stohastical series
-0050/

R(t)=06g(t).- W(t)
R()=H[BR(1), BR (), A2t), .y £710)] .

In expression 5./ internal forces causing rupture can generally
be established as a product of rupture stress and cross section
quantity. Expression 6./ refers to cases in which the bearing
structure is not made of a homogenous material and the type of be-
aring is such as cannot be separated from the geometrical dimensi-

ons of the cross section /e.g. excentrical internal forces within
a r.~c, bearer/,

Probability characteristics of internal forces causing a rup-
ture, if calculation has to be made on grounds of expression 5./,
are
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E[R()] =Ba(t). W(t)
[R)]2= [V [ T+ [ v

3
fRee) =f‘°'(e)[vl:-%§-
2
e*ce) ’D/i_?'n'l‘ [ [+ 31[vEe)] '+ 8 [ ]% 8 [v¥(e) VY]] j-—s
If the internal forces producing a rupture are to be calcula-

ted by expression 6./, probability characteristics must be deter-
mined with the use of formula 4./.

9./ Determination of the cross section guantity

If probability characteristics of the Basler reserve Y/t/ are
to be determined from expression 1./, then, on the basis of expres-
sion 4./

a’(e) = Y(¢) =R(t)-S(¢)
sY(¢) = V[s“(t)]2+[_-s’(e)]2

y :___L___ R 2 3 s s 3 .8,
Pl =y {Profm] i [#e]’] 8./

c’e) = m4{[ck(e)+3][sp(tﬂ‘+ [cs(b)+3][$s(t)]‘*+
+6[s%e)- s10)]* -3

From expression 8,/ it is to be seen that the dimensioning
will be correct if

R(t) ZS(t)+m sy(t)} W
m =m(f ck)

The value of m depends on the selected distribution and the
risk given in advance. Before proposing a type of distribution
for the determination of the value of m, a simple relation can be
given for the cross section quantity at a time t = 0, if internal
forces that provoke rupture are such as according to expression

5./

Wy=a Wy + S 4+ myvSaI% f-Imv i m T4
D Gr(T) 4-m2{[VG(T)]2+ [vWal? ..010./

In expression 10./ the surplus cross section quantity, being
a result of corrosion, AW, , depends on the value m = m/f,c,k/,
S/T/ is the expectation value of the sum of internal forces pro-
voked by loadings, at the end of the service time, Gy /T/ is the
expectation value of the rupture stress of the structural ele-
ment in question, v/T/ are the final values of the variation fac-
tors of the variable quantities.

If internal forces provoking rupture can be calculated by
expression 6./, for the determination of the dimensions expres-
sion 5./ must be satisfied by way of the trial and error method,

coe?e/

where
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10./ The selected type of distribution

The problem is what kind of a distribution function should be
selected for the stohastical process Y/t/ at a time t = T at the
end of lifetime or any time t. From among the internal forces cau-
sed by loading meteorological forces and movements /internal for-
ces caused by wind, snow, modifications of temperature/ can best
be described theoretically with the use of the Weibull distribu-
tion [7]. A great part of useful loads and internal forces provo-
ked by dead load do not follow the Weibull distribution pattern,
The distribution of cross section dimensions is normal. The type
of distribution drawn upon the rupture stress can be treated as
though from among a homogenous multitude of bearers a discretional
one were selected and given to rupture. This problem is, in its
essential conception, an urn-model to which one of the Pearson
distributions will best apply. Since in the resultant distributi-
on it is the rupture stress that generally has the greatest part
and meteorological forces generally play but a slight part, for
a resultant distribution the four parameter Pearson distribution,
Pearson IV, can be recommended.

me—darcfg X= y —R L X Goo 1./
?CJ[M*Trd)*Jﬁ Btk ge g T

The Pearson IV, distribution which is interpreted between
- oofx {+ oo i3 not suitable because effective distribution is no
clear urn model and, because distribution is dimensioned only for
x>0, If the four probability characteristics of distribution,
a¥/t/, s¥/%/, £7/%/, c’/t/ are given, B, o, d and § can be determi-
ned. The value of 4 can be determined from the condition that the
integral of expression 11./ between - ccand +ee is [1].
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From expression 12./ numerous conditions present themselves for
the distribution characteristics which are not dealt with in this
paper. The values of ?, for whole number values of « and Vv are
shown in figur 2,

11./ Optimam risk

The value of m = m/f,c,k/ has furthermore to be determined in
expression 10./ in order that the cross section quantity could be
determnined. The determination from expression 11l./ is unequivocal
if the value of k is given., For the determination of k two condi-
tions can be offered.

The first condition is that the total cost of the installation
should be a minimum. Supposing the interest factor to be q, the
cost of rebuilding of the installation, C/k/, must be written off,
during a service time T, and it is assumed that the installation
will be ruined after a time t{T and the part of the construction
not yet written off at that time will be capitalised to the date
of the ruin. Then the total cost will be

T ¢t
’%f%)*%{fmfﬂ -f;;_—‘j‘—h&j cei13./

A minimum cost can occur where the first derivative by k of
expression 13./ is zero.

The costs of the bearing structure increase in a linear way
with the cross section quantity, C/k/ = A+BW ., This linearity
will hold if the cross section quantity represents an area or if
the ratio of cross section modulus to radius of inertia is cons-
tant, If expression 10./ is expanded to a series, it will hold,
with a good approximation, that W, = W!+wm.

f fy ¢ and s are constant, for the thinkable values of k,
m= A+ k,log ko, A deeper reason for linearity is to be found in
the fact that distribution functions generally are exponential
/For a normal distribution e.g. between 2<log k<6, it is true
with a 3 per cent accuracy that m = 1,22+0,6 log k/. Substitu-
ting the above expressions into eachother, C/k/=/A+BW’+B.Kow/+
+BAw log k that is

Coky = Co (1+b, 109k ) o ltts/

Expression 1l4./ reflects a stohastic relation which can be
verified for a series of numerical examples with a difference less
than 2 per cent, doing regressional calculations, The minimum that
results from expressions 13,/ and 14./ is

d+bilogE T 4 T- 4t
k(0= Mode = | 505 (1+ —;T;_-";—)] sul5ef

The maximum for expression 15./ produces itself at a time t=0,
On an average, if the cost of the bearing structure of a building
based on a % per cent risk, is C,

K max = %G [—g— +2] eel6./

It is apparent from expression 16./ that the more damage will
be caused by the installation when it is ruined, the less will be
the risk permiEFed.to be taken., E.g. if T = 1 and Q = 0, k. ~ 50,

[ ' .
If T = 50 and T = 100, kmax = 5000. Here the risk that is taken,
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varying within a range of 2 per cent and 0,02 per cent, correspond
to the percentage wastes in non damaging industrial production,
which is 1-2 per cent [8].

Another conditionTis that the annual quotient to write off for
the installation is %;—égflé C/k/ and the total of annual mainte-

nance, L/k/ is the minimum of what is referred to as entire cost,
The concept of entire cost was defined by a Congress held on "Pers-
pective of the user and reliability of the system" in the United
States in 1962. It is assumed that maintenance costs take the sum

of b
L(k)=L,,(1+—,0—g3;-) veel7./

Expression 17./ is not proved, it merely appears to be logical
upon the analogy of expression 1l4./ [9]. The minimum of all anual
costs is secured by the expression

y Lobs(g'-1) ceol18./
k=10" Cobs §7(q-1)

being satisfied. Expression 17.,/, if T~ 50 and q-l °T85 where p,
in percentage, is the interest rate, will be

o g
ez 10" o

From the two expressions /15./ and 18./ that one must be sa-
tisfied which gives a larger value for k. From the comparison of
expressions 1l4./ and 19./ results that when the condition

L 019'/

Labz
b P“E—‘
%_—g ZﬁL/Ugfs ED ’p _2 ...20./

is satified, that is, if the ratio of the damage incurred and

the rebuilding costs is greater than the right side of expressi-
on 20./, the value of k must be determined on the basis of expres—
sion 15./ and /or 16./, if it is smaller, expressions 18,/ and/

or 19./ will give the value of k,

It should be noted that in the vicinity of the optimum value
for extremely small differences will result in expression 13./,
therefore the value of k must be determined with a rounding up
and on a rather large scale.

12./ Other probabilities that may be considered

Beside what has been said above it is also essential, how
many uniform structural elements are going to be built in, If n
number of bearing elements are to be fabricated and a risk of
% has to be taken for each of them, for one piece a risk of
ﬂ1<i.must only be taken. The solution of the problem is

-t =(0) () (=) 21/
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Eypression 21./ disp}ays a binomial distribution.

k= 12Vi-L v ee22ef
and/or k = 1K -
- (1 -1
If k)50, then, with a ggod 5p%roximation
k'= nk I 4

Thus, if it is required that no one of the n pieces should
get ruined with a prgbability of - , every piece must be fabrica-
ted with a risk of 3 being taken.

13,/ Conclusions

1./ The following answer can be given to the problem raised: The
correct dimensions are given in expressions 9./ or 10./, the value
of m =m /f, ¢, k/ can be determined through the Pearson IV, dis-
tribution according to expression 11./, the most economical measu-
re of risk taken against failure, 1/k, is given by expressions 16/
or 19./. As to the measure of the assumed risk it must furthermore
be considered, how many uniform elements in question are going to
be fabricated.

The suggested method of calculation does not contain any subjecti-
ve factors, all dimensions and safety can - on the basis of mathe-
matical statistics - be determined solely upon economical conside-
rations.

2./ Safety, consequently, is a mutual and unequivocal function of
the probabllities for the installation that during its scheduled
service time all circumstances provoking ruin can occur simul-
taneously in the most possibly unfavourable arrangement [3].

The lower this probability /the risk taken/ is, the greater is the
safety. We suggest the acceptance, as a measuring value, of logk

the logarythm of the reciprocal value of the risk taken. This
expression has proved suitable in information theory [10], as a
quantity proportional to the measuring number of the information
quantity. For a great safety a large amount of information is
required about the given bearer. Investment expenditures increase
with safety, maintenance costs decrease with it,

3,/ For our bearing structures the principle of equal safety is
in appropriate., The more damage is caused by the structure with
its ruin, with so much more safety must it be designed. Secondary
bearers, the ruin of which causes no damage, must be designed
with a lesser safety. Installation with a short designed service
time can be of smaller divisions, because within a shorter period
the rupture strength of the load-bearing building material shows
a lesser decrease and the probability for the occurrence of the
loads, particularly meteorological ones, is lower within a shor-
ter period.Consequently, if it is to proceed from the safety of
the primary system of bearers of definite installations, the
primary system of bearers of temporary installations can be fab-
ricated with a lesser safety and so can the secondary bearers of
the definite installations, Still lesser safety is required for
secondary bearers of temporary installations.

4,/ General rules for dimensioning are provided by deterministic
interrelations in technical mechanics. By reason of a deviation
of parameters in the functional interrelations the economical di-
mensions have to be determined with the aid of stohastic interre-
lations based on probability theory.
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5./ A processing of statistical data is required. The described me-
thod, however, can be applied even without processing the data, in
that case it has to be proceeded from loading given in the rules
and from nominal geometrical and strength measures. For deviations
there is to be taken, in the absence of data, one half of the tole-
rance., Tolerance, then, is based on statistical experience,

6./ Author considers the application of this procedure absolutely
necessary: in setting up rules for dimensioning, stability calcu-
lations for elements of serial production and structures of high

cost.

7./ Rules in operation at present are over-dimensioned even today.
The degree of over-dimensionedness is, with various rules, in terms
of costs 8-12 per cent for primary bearers at definite installati-
ons, Over-dimensionedness for secondary bearers and for temporary
installations is 11-17 per cent. This can best be helped if calcu-
lations will be made, instead of the minimum values as specified
in the rules, with their expectation values. If this proportion is
considered, there will result economical dimensions /E.g. the
expectable value of the yield point of St., 37 is, on the basis of
statistical data, 11]ﬂwEBOO kp per square cm, whereas the rule
specifies 2400 kp per square cm,

Bybliography.

[i] Yule,G.U.-Kendall,M,G.: An Introduction to the Theory of Statis-
tics. 18, Ed.London, Ch.Griffin and Comp.1957.

[2] Freudenthal, A.M.: Die Sicherheit der Baukonstruktionen /Acta
Technica 1964.Tomus 46. Fasc.3-4./

[2] Basler,E.: Untersuchung iiber den Sicherheitsbegriff von
Bauwerken /Schweizer Archiv 1961.4pr./

[4] PFreudenthal,A.M.-Garrelts,J.M.-Shinozuka,M,: The Analysis of
Structural Safety /Journal of the Structural Division
1966,februar/

(5] Julian,0.G.: Symposis of First Progress Report of Comittec on
Factors of Safety /Journal of the Structural Safety
1957, julius/

[6] Mistéth,E.: Basic Principles of Statical Calculations for
Rechnical Sftructures Founded on Probability Theory.
Scientific Review of Civil Engineering, Budapest 1967.

[7] Weibull,W.: Fatigue Testing and the Analysis of Results,
Pergamonn Press 1961.

(8] Mistéth,E.: Bemessung von Stahl Wasserbauten unter Anwendung
der Wahrscheinlichkeitsrechnung /Stahlbau Rundschau
1966/29/

[9]St.James,L.N.= Economics Dictates Reliabilify. /JEEE Transactions
on Reliability R-14 1965. l.sz./

[10] Shanon,C.E.: The Mathematical Theory of Communication /Bell
System Technical Journal 1948./

[11] Korényi,I.: Analyse der Grenzspannung bel St.37.Acta Technica
Budapest 1958,

Summary.

From all factors influencing the dimensions /loading, geomet-
rical dimensions, crushing stress, etc./ the value and the proba-
bility variables of the load capacity reserve, Y/t/, can be de-
termined. By means of the Pearson IV. distribution the geometrical
dimensions can be determined for a risk arbitrarily undertaken,The
undertaken risk can be determined through only economical conside-
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rations. The greater the damage caused, the lesser risk should be
undertaken., If the damages are not significant, dimensions are
influenced by the annual maintenance costs, /L/. For a safety
rate the logarithm of the reciprocal value of risk /log k/ is
suggested,

RESUME

La valeur de la réserve de limite admissible de la charge,
Y/t/, et ses variables de probabilité peuvent &tre déterminés i
l'aide de tous les facteurs gqui sont & méme d'influencer les di-
mensions - tels la charge, les dimensions géométriques, tensions
de rupture, etc. Par moyen de la distribution Pearson IV. les
dimensions géométriques peuvent s'établir pour un risque arbi-
trairement entrepris. Or, le risque entrepris peut étre déter-
miné moyennant des seules considérations économiques. Plus le
dégdt est grand, moins de risque doit &tre entrepris. Si le dé-
gét n'est pas important, les dimensions seront influencées par
les frais annuels d'entretien. Proposition est faite d'employer,
pour mesure de sécurité, le logarithme de la valeur réciproque
de la risque entreprise (log k).

ZUSAMMENFASSUNG

Aus sdmtlichen, die Abmessungen beeinflussenden Faktoren -
wie Belastung, geometrische Abmessungen, Bruchspannungen usw. -
konnen der Wert Y/t/ der Belastungsfdhigkeitsreserve und seine
Wahrscheinlichkeitsverdnderlichen berechnet werden. Mit Hilfe
der Verteilung Pearson IV. konnen die geometrischen Abmessungen
zu einem beliebig unternommenen Risiko bestimmt werden. Das un-
ternommene Risiko kann wieder auf Grund allein wirtschaftlicher
Betrachtungen festgelegt werden. Je grosser der Schaden, ein
um so niedrigeres Risiko darf unternommen werden. Bei nicht be-
deutendem Schaden beeinflussen die jdhrlichen Wartungskosten,
/L/, die Abmessungen. Als Sicherheitsmass wird der Logarithmus
des Kehrwertes des unternommenen Risikos vorgeschlagen (log k).
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